The design of the exhaust manifold for the pulse converters of a 4 strokes high power medium-speed diesel engine is presented in terms of fatigue analysis. The said system undergoes thermal expansion due to high temperature of exhaust gas and is exposed to intrinsic vibration of the internal combustion engine. Moreover, the exhaust pulse generates pressure pulsating along the runner inside manifold. Under such circumstances, the design and construction of exhaust manifold must be carried out in a way to prevent early failure due to fracture. To validate the design concept, a test rig was developed to simulate the combination of thermal and vibrational movements, simultaneously. Experimental results showed that a certain sense of reliability can be achieved by considering a field factor obtained from the results of engine bench tests.
Introduction
Turbo-charged, medium-speed diesel engines are used for power generation, rail traction, and marine applications [1] . The system of pulse convertors, as depicted in Figure1, is a useful design technique to separate exhaust flows of cylinders which are liable to interfere with each other and to produce beneficial wave reflections to assist scavenging of the cylinders. The passage of blow-down pulse from the cylinder has to be designed in a way to minimize wave interference, while maximizing wave reflection for scavenging. This, in turn, results in highly complicated, geometric constraints which makes the system vulnerable to thermal expansion and harsh vibration. The design of exhaust manifold is then discussed to provide a compromise between geometric constraints and fatigue behaviour. 
Absorbing thermal expansion
Because of varying pressure and temperature fluctuations in the manifold of the engine, the pulse converters are subject to thermal expansion. The temperature measured at the outlet of a cylinder is varying in the range of 400 ~ 500 ℃. Considering 4 m long bank length, a bank is a exhaust gas runner combining a group of cylinders, the thermal expansion should be taken into account in the design of exhaust manifold.
It is a common engineering practice to use a heat expansion joint to absorb thermal stress.
Vibration operating condition
The medium speed diesel engines normally operate in a speed range around 700 ~ 1,500 rev/min, and have power outputs up to 6,000 kW [2] . When used as a power generator, the range of 70 ~ 80 percent of full load is set to be a normal operating condition.
Under this operating condition, the first natural frequency of the exhaust manifolds must be located over 100 Hz which might be considered as a threshold to signify early fracture caused by resonance. It is a rule of thumb to relocate the first natural frequency of the system at least over 100 Hz for such systems which are subject to thermal expansion and vibrational movements. However, it should be recognized that the use of separate bank to include a group of pulse con- 
Heat expansion joint (HEJ)
Thermal expansion induced by the high temperature exhaust gas is designed to be absorbed by the expansion joint having axial stroke of 18 mm (peak to peak). The heat expansion joints are installed between the cylinders It means the safety factor for thermal expansion is considered to be more than 10. Manufacturer's Association) result (see Table 1 ), the proposed HEJ could endure at least 15,000 cycles under the given condition. The proposed HEJ in fact can go more than 10 times of the calculated value (see Table 2 ).
Measurement to make system stiffer
A HEJ is not designed to absorb any vibrational movement under 100 Hz. The displacement under this frequency possesses enough energy to kill the HEJ used to absorb thermal expansion. However, the design volume of the complete exhaust manifold is too big to relocate the first natural frequency below 100 Hz. To make the complete system stiffer, a considerable thickness increase of the cast converters would be unavoidable. It costs more and makes the system heavy. To increase the natural frequency, the banks are reinforced by U-joints as shown in Figure 3 . As expla- 
Experimental modal analysis
To measure the first natural frequency of the com- 
Fatigue Analysis

Superposition of loads
The stress in any point of the HEJ is the result from the combination of different loads are namely, 1) thermal expansion 2) internal pressure and 3) vibration.
Depending on the form of load, different cycles are observed. For example, the thermal expansion can be classified as a lower cycle fatigue, while that of vibration as a higher cycle one.
For the higher cycle fatigue, the required number of load cycles must be chosen over 1 million (so called fatigue limit). For the lower cycle fatigue, the required number of load cycles is far less than 1 million. The normal safety factor of 12.5 (5: normal safety factor of ⨯2.5: temperature factor due to high temperature) is However, it should be recognized that the vibrational movements caused by the resonance which is lower than 100 Hz should be treated differently. The normal safety factor of 2 for the higher cycle fatigue is no longer valid due to the significance of its magnitude (see Figure 8 ).
Damage parameter
Unlike the usual case, the majority of fatigue comes from vibration instead of thermal expansion. Moreover, the large quasi-static load caused by the thermal expansion acts as mean stress to reduce number of cycles on the S-N curve. Then the modified Goodman line is obtained by
where   denotes stress amplitude and   mean stress, while   is obtained from the material characteristics somewhat higher than   , ultimate strength.
The stress amplitude under the mean stress,   is obtained by the Smith, Watson, and Topper (SWT) equation as shown in Figure 9 [3]. 
Experimental Validation
Thermal load
To find extra space and time for the experimental verification of the whole system is extremely difficult because of the 8,000 hours of operating condition. To run a diesel engine such a long time would be very costly. Considering that most of early failures occurred at the first 24 hours of engine-bench tests, the test rig is developed to validate the durability of the HEJ under the combination of thermal and vibrational loads.
To simulate high temperature of exhaust gas, a set of The field factor of 3.6 is used to simulate the vibraitonal load in case of the system with bank reinforcements. The HEJ was survived more than 100 hours with the vibration level of 64 G at 150 Hz on the test rig. 100 hours of operation might not guarantee durability of 8,000 hours operating condition, but it gives a sense of similarity to ensure durability of the system in many applications.
Conclusions
The design of the exhaust manifold for high power medium-speed diesel engine was presented. The combination of thermal expansion due to vibrational movements exhaust gas and high temperature caused by internal combustion were considered to prevent early failure. The characteristics of different loads were analyzed to allocate appropriate safety factors for damage calculation. It turned out that the normal safety factor of 2 for higher cycle load such as vibration would be dangerous if the first natural frequency of the exhaust manifold is less than 100 Hz. The test rig was devised to simulate the combination of two different fatigues, namely, thermal expansion and vibrational movements. Using a set of LPG gas torch, the exhaust gas temperature of 600 ℃ was achieved with the temperature variation of 50 ℃.
Instead of using the costly engine test bench, an electromagnetic shaker was used to generate different vibrational movements. The gas torches were installed right under the cylinder outlets of the pulse converter.
In this way, we were able to simulate the converter with the HEJ under thermal expansion and vibrational movements. This is meaningful because the heat expansion joint is the most vulnerable to thermal and vibrational loads.
Field factor of 3.6 was used to ensure the reliable simulation. The value was experimentally chosen by taking into account the results of engine bench tests.
With the result of the rig test, we are able to make sure that the durability of the complete exhaust manifold is partly assessed without costly engine bench tests. It is not a perfect validation in any sense, but engineering judgment could be made using the result of the rig test.
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